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ABSTRACT 
The presented approach is an assessment of problems arising in highly industrialized regions 
due to global warming, increasing storm water intensities, demographic changes and 
migration. In the future the runoff following extreme rainfall events cannot be drained in the 
existing centralized sewage system. Even if such events will occur more frequently in the 
future the upgrading of the sewerage system would not be financeable. In order to evaluate 
the requirement of adaptation of drainage systems an indicator-based assessment system is 
being developed. In this, the current utilization ratio of the sewer system based on model 
calculations is compared with the expected rate of flow brought about by climate change and 
expected increasing rainfalls in the future. The objective of this assessment system is to 
estimate the requirement of an adaptation to drainage systems in a better way and to set limits 
to the time frame in which these adaptations have to take place. This method is applied to 
three catchment areas in North-Rhine-Westphalia, Germany. 
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INTRODUCTION 
Because of global climate change regional rainfall patterns will change. Hence, there will be 
more extreme rainfall events in the future which can cause floods in urban areas and lead to 
considerable damage. A quantification of the problem as well as suitable planning 
countermeasures to minimize the negative effects of extreme rainfall events are needed 
hitherto.  
 
Research shows that the discussed problem can only be modeled insufficiently (Schmitt, 
2011) if conventional design procedures under observance of set safety factors for drainage 
systems are applied (German standards, DWA, 2006; DIN EN 752, 2008). On the contrary, 
the known calculation methods must be supplemented by a detailed water management hazard 
assessment and a comprehensive analysis of the vulnerability of single settlement structures 
or single protective goods as well as an evaluation of the local risk potential. The approach 
presented below allows to asses the need for adaptation of a settlement area and the choice of 
sufficient planning tools based on a water management hazard assessment and vulnerability 
analysis. 
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METHODS 
 
Hazard Assessment in order to identify critical areas 
The hazard assessment aims to identify zones within settlement areas that are affected by 
climate change. To conduct a hazard assessment a water management model of the planning 
area (drainage system model, where appropriate a digital surface model) should be used. The 
application of those models allows the planner not only to identify endangered areas, but also 
to evaluate the reasons for the overload. There are numerous potential reasons for an 
inundation, but these are the three main reasons for intra-urban floods:  
 
 Insufficient dimensions of single elements of the drainage system corresponding to 
state of the art technology 
 Dynamic increase of the degree of utilization (dimensioning relevant rainfall) as a 
consequence of climate change and overload of single elements of the drainage system 
 Extreme rainfall intensities which are considerably higher than the design rainfall 
intensity 
 
The first step towards an identification of overloaded subareas should be a simulation of the 
existing drainage system. Comparable simulations are being used e.g. for drainage master 
plans by the drainage system operator or the obliged entity. Based on the present situation 
further simulations of potential future scenarios can be conducted in order to record dynamic 
changes of the discharge of the drainage system. After the evaluation of the simulation results 
(present situation, future scenarios) the need for adaptation can be assessed. Simultaneously, 
the planner is enabled to choose suitable planning tools and create corresponding measures to 
adopt the drainage system according to the expected changes of the runoff.  
 
Choice of rainfall scenario 
The most important basis for a hazard assessment is the choice of adequate rainfall scenarios 
to describe rainfall pattern changes caused by climate change. Previous results of global 
climate models (IPCC, 2007) and regional approaches based on global climate models 
(Gerstengarbe, 2009; ExUS, 2010) are not immediately suitable for drainage system 
simulations. Regional climate models provide reliable statements about local rainfall in single 
raster fields (edge length 10 to 18km) down to rainfall duration of 60 min. Strong statements 
about shorter rainfall durations with a broader spatial distribution can not be derived at the 
moment. However, Staufer et al. (2010) indicate how typical design rainfalls can be adjusted 
using existing climate models. In summary it is shown that the rainfall intensity will increase. 
For the investigated area, a today’s rainfall event with a statistic return period of five years 
will become a rainfall event with a return period of two years in the future. The adaptation of 
the design rainfall recommended by the pamphlet 4.3/3 from the Bavarian State Agency for 
the Environment (LFU, 2009) is comparable to the results of Staufer et al. (2010). The 
pamphlet suggests using a “five year” rainfall instead of a “three year” rainfall event as design 
rainfall event for sewer systems in urban areas to anticipate climate change conditions. On the 
background of this evaluation it is recommended to increase the conventional design rainfalls 
in the water management sector in North-Rhine-Westphalia, Germany, as shown in table 1. In 
order to provide a holistic analysis of the drainage situation the flood simulation should be 
conducted according to the applying German standards (DWA, 2006; DIN EN 752, 2008) as 
well as for more rare rainfalls in order to account for potential changes of rainfall patterns. 
However, the analysis of extreme rainfall events (return period >> 10y) is subjected to more 
uncertainties than the analysis rainfalls with a shorter return period. Recommended extreme 
rainfall events for substantial types of land-use can be seen in table 1, too. 
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Table 1. Recommended rainfall scenarios, reduced return periods 
Rainfall scenarios to adopt to the consequences of climate change 
  Design rainfall,  return period < 10y 
 Design rainfall, 
 return period >> 10y 
 Rural areas  Scenario 2 to 1  Scenario 3 to 2  Scenario 50 to 10 
 Residential areas  Scenario 5 to 3  Scenario 100 to 20 
 City centre, com. and industrial areas  Scenario 10 to 5  Scenario 100 to 30 
 
 
The uncertainties connected with rainfall scenarios have to be considered during the planning 
and decision-making process for flood protection and adaptation measures. Furthermore, it is 
recommended to evaluate trends of existing rainfall measurements to be able to record 
potential changes in the rainfall pattern. 
 
Estimation of the need for adaptation by key figures 
In order to systemize the need for adaptation to the consequences of climate change based on 
the rainfall scenarios discussed above the introduction of key figures to describe the present 
load in drainage systems is favorable. The key figure degree of utilization compares the 
calculated maximum discharge of single sewers in the network to the maximum design 
discharge. This parameter allows assessing the average degree of utilization for the whole 
drainage system or only for parts of it. 
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with: Qmax:  calculated maximum discharge [l/s] 
 Qdes:  maximum design discharge [l/s] 
 l:  length of sewer [m] 
 
The degree of flooding of a drainage system is used to describe the load of a drainage system, 
too. The degree of flooding relates the number of flooded manholes to the total number of 
manholes. Accordingly, this parameter can be assessed for the whole systems or only for 
interconnected parts of it. 
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with: NOmanholes:   number of flooded manholes 
 Nmanholes:   total number of manholes 
 
The third key figure is the specific flood volume which relates the calculated flood volume to 
the catchment area. A specific flood volume of 10m3/ha corresponds to a flood effective 
rainfall of 1mm or 1l/m2. 
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with: FV:   flood volume 
 AE,b:   catchment area, paved area 
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The analysis of three drainage systems in North-Rhine-Westphalia results in the range for the 
discussed key figures as shown in table 2. There are no set limit values between the different 
degrees of need for adaptation. Hence, limit values need to be defined individually in each 
case. However, the application of the three key figures enables a first classification of the 
drainage system. 
 
 
Table 2. Key figures to asses the need for adaptation to the consequences of climate change 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2 > 2
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 > 0.5
0 2 4 6 8 10 12 14 16 18 20 > 20
need for adaptation: none medium major
range
degree of utilization [-]
degree of flooding [-]
specific flood volume [m3/ha]
 
 
If no overload situation occurs during the simulation of the design rainfall event and an 
extreme rainfall event (table 1) no preventative measures are necessary. A drainage system 
model is a useful start for the evaluation and planning process. However, if local overloads 
are identified further information is needed. This can be provided by GIS analysis and in-situ 
evaluation. In case of extensive overloads or difficult boundary conditions an additional 
simulation of the drainage system coupled with a DTM model can be helpful. 
 
If the simulations show a local overload of the drainage system (according to table 2 this 
means one key figure shows medium to major need for adaptation) for at least one rainfall 
scenario further research needs to be executed. In case of local overloads the planning can be 
based on GIS- analysis or detailed local planning. Furthermore, the application of digital 
terrain models (DTM) or coupled models (drainage system- DTM) can support the planning. 
However, if extensive overloads of the complete drainage system are identified (according to 
table 2 at least two key figures show major need for adaptation) it is recommended to 
continue the further planning and verification with a coupled rainfall runoff simulation of 
drainage system and digital terrain model. This allows showing areas at risk in detail and 
preparing the following steps vulnerability analysis and risk assessment. 
 
 
RESULTS AND DISCUSSION 
 
Identification of overloaded areas – usage of drainage system models 
The hazard assessment approach that has already been discussed was verified for the three 
named independent drainage systems. For this purpose existing drainage system models were 
transferred into the software environment Mike Urban (DHI, Danish Hydraulic Institute). As 
a first step of the load situation of the drainage system was ascertained and overloaded areas 
were identified. As the area structures of all three regions are intra- urban areas or town 
centers the load situations rainfall scenario 5to3 (design rainfall) and rainfall scenario 100to30 
(extreme rainfall) were chosen. 
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The comparison of the three project regions shows an irregular load of the inspected drainage 
systems. If the design rainfalls n=0.33 [1/y] and n=0.2 [1/y] (climate scenario 5to3) are 
applied project area 2 still has capacity reserves and does not show any need for adaptation 
from a climate change point of view. The calculated key figures show no or medium need for 
action. On the contrary, the results for project area 1 show overloads in the lowest point of the 
drainage system which cause flooding of the adjacent buildings. The key figure specific flood 
volume indicates that there is local need for adaptation of the drainage system. However, no 
significant overloads were simulated for higher situated catchment areas within project region 
1. This explains why the other two key figures do not show any further need for adaptation. 
Because of the identified overload, but especially on the background of a dynamically 
increasing load, a local adaptation of the drainage system is necessary. For project area 3 the 
simulations of the climate scenario 5to3 already show overload in major parts of the network. 
All three key figures indicate major need for adaptation if the design rainfall n=0.2 [1/y] is 
applied. Further plans for adaptation of the urban drainage system to the consequences of 
climate change should be developed using a coupled model of drainage system and digital 
terrain model.  
 
 
Table 4. Key figures for the inspected drainage systems, scenario 5to3 
n=0.33
[1/y]
n=0.2
[1/y]
n=0.33
[1/y]
n=0.2
[1/y]
n=0.33
[1/y]
n=0.2
[1/y]
degree of utilisation [-] 0.55 0.59 0.6 0.65 0.88 0.94
degree of flooding [-] 0.09 0.12 0,04 0.09 0.13 0.24
specific flood volume [m³/ha AU] 11.1 17.6 3,2 6 5.8 10.2
rainfall duration: 60 min.  
project area 1
locoal overload
project area 2
no/minor overload
project area 3
major overload
 
 
 
If the climate scenario 100to30 is applied all three project regions show that the drainage of 
rainfall runoff via the sewer network is limited and surface drainage of rainfall runoff (flood 
control embankment and others) are needed mandatory. In all three project areas the 
suggested key figures show a large need for adaptation of urban drainage systems to the 
effects of extreme rainfall.    
 
Future scenarios - coupled simulation of drainage system and DTM 
The digital terrain model (DTM) is based on laser-scan over flight data. For the DTM a grid 
width of 1 to 2 metres is needed. Alternatively, if latest software developments are applied 
terrain models can be used which offer a flexible grid width for modeling the terrain surface. 
The terrain model must include the buildings in the settlement area and design and layout of 
the streets (extended curbstones). Usually this information can be gained from planimetric 
maps, but for a more detailed planning on the surface information from in-situ inspections are 
necessary. A DTM can be specified by a GIS based processing of the data. 
 
Latest software environments realize the coupling of terrain model and drainage system 
model via manholes. Overload from the sewer system can be drained on the surface or runoffs 
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from the surface can enter the drainage system respectively. As a result a detailed image of 
the overload situation for every single time step of the simulation is gained. For the final 
evaluation of the results those areas are differentiated where 
 
 the runoff is drained on the surface during the calculation (overflowed areas) 
 the runoff accumulates towards the end of the runoff event in hollows and troughs. 
 
Detailed analysis of the model results not only enable a delimitation of flooded areas but also 
a specification of water depths, flow velocities and runoffs. Further planning steps are based 
on the delimitation of overflowed areas and reservoirs. 
 
Via vulnerability analysis towards risk assessment 
The hazard assessment for the three project areas was conducted by applying a water 
management analysis in order to identify areas which can be affected by flooding. Based on 
the results of the hazard assessment the need for adaptation was evaluated. Suitable 
simulation and analysis methods for delimitation and designation of areas at risk were 
recommended accordingly. However, a hazard assessment is not sufficient for the choice and 
planning of adaptation measures. In fact, a vulnerability analysis which includes the 
susceptibility of potentially flooded areas into the decision about adaptation measures is 
needed. 
 
 
 
Figure 1: flooded areas (scenario 5to3- land - use type map, part of project area) 
 
 
1 
2 
Different types of land 
utilization, e.g. 
Housing areas 
Brown fields 
Streets 
Industrial sites 
and further more 
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The vulnerability analysis classifies areas at risk (figure 1). For this the land use from an 
urban planning point of view and constitutes protective goods are analyzed. Different 
protective goods can be assigned to different needs for protection. The results of the 
vulnerability analysis and the hazard assessment are united in a risk assessment in order to 
enable a qualified statement about the need for adaptation and implement corresponding 
adaptation measures. According to the hazard assessment project area 3 has the largest need 
for adaptation vulnerability analysis. Consequently, the risk assessment is conducted 
exemplary for this area. 
 
Figure 1 shows the results of the hazard assessment for the rainfall scenario 5to3 conflated 
with land use information for a subarea of project area 3. Mark 1 highlights flooded areas 
which reach from the main street to the more western situated green spaces and sports fields. 
The vulnerability of this area is assessed as low because long-term damages of the surface are 
not to be expected. 
 
When the scenario 100to30 is applied the flooded areas in the subarea grow, but more serious 
damages are not to be expected either. The risk of damages as a product of hazard and 
vulnerability is assessed as medium because of the flooding that must be expected regularly as 
a consequence of the 5to3 scenario. By improving the drainage situation on the surface the 
duration of the flooding can be improved especially in cases of extreme rainfall events. The 
runoff would be drained quicker in the direction of the green spaces. 
 
The hazard assessment indicates the same hazard potential for mark 2 as for mark 1. For the 
application of scenario 5to3 flooding from the sewer system has to be expected which will 
increase significantly if scenario 100to30 is applied. However, this area is much more 
vulnerable as multi-storey residential constructions directly adjoin the flooded areas. Damages 
to the buildings because of the flooding can not be excluded. The risk potential of damages 
due to the flooding is rated high so measures for object protection or measures for flood 
reduction must be applied in this area. 
 
The example shows that based on a hazard assessment by application of a vulnerability 
analysis and a risk assessment adaptation measures for urban drainage systems can be 
prioritized and the risk for single protective goods can estimated. Besides the land use other 
protective goods can be considered in a risk assessment, for example groundwater or social 
infrastructure like hospitals, kindergarten and nursing homes.  
 
 
SUMMARY AND CONCLUSION 
The discussed method enables a risk assessment of flooding in intra-urban areas by 
application of water management hazard assessment and vulnerability analysis. Based on this 
the need for adaptation of settlement structures to the consequences of climate change can be 
assessed by using the named key figures and suitable planning tools can be chosen. 
 
For the adaptation of urban drainage systems to the effects of climate change a disconnection 
of catchment areas and decentralized treatment of rainfall runoff are suitable measures; 
especially on the background of unreliable climate scenarios. The disconnection of runoff 
relevant areas from the drainage system is an adaptable and extendable method because more 
and more sub catchments can subsequently be disconnected from the drainage system. 
However, this approach is limited in settlement areas and in case of insufficient boundary 
conditions (infiltration potential, contaminated sites, groundwater protection and others). In 
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these areas additional measures on the surface are expedient without the necessity to extend 
the drainage system. For example, rainwater is conducted safely on the surface by a flood 
control embankment or it is stored targeted in central places (Siekmann et al., 2010a, 
Siekmann et al., 2010b). The calculations of the project areas show that multifunctional land 
use on the surface if a sufficient method to reduce the effects of floods in intra-urban spaces. 
The creation of drainage and retention spaces on the surface is particularly necessary when an 
increasing appearance of extreme rainfall events (scenario 100to30) has to be considered. 
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